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ABSTRACT: Covalent organic frameworks (COFs) with highly designable skeleton and inherent pores 

have emerged as promising organic photocatalysts for hydrogen production. However, inefficient solar 

light harvesting, strong excitonic effect, and the lack of active sites still pose major challenges to the 

rational design of COFs for efficient photocatalytic water splitting and the structure-property relationship 

has not been established. In this work, we investigated the fundamental mechanism of photoelectrochem-

ical conversion in fully conjugated donor (D)-acceptor (A) COFs in Lieb lattice and proposed a facile 

strategy to achieve broad visible and near-infrared absorption, prompt exciton dissociation, tunable band 

alignment for overall water splitting, and metal-free catalysis of hydrogen production. Interestingly, we 

found that the exciton binding energy was substantially reduced with the narrowing of optical band gap 

and the increase of static dielectric constant. Further, we unraveled that the hydrogen bond played a vital 

role in suppressing the overpotential for hydrogen evolution reaction to enable metal-free catalysis. These 

findings not only highlight a novel route to modulating electronic properties of COFs towards high pho-

tocatalytic activity for water splitting, but also offer tremendous opportunities to design metal-free cata-

lysts for other chemical transformations. 
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INTRODUCTION 

Photocatalytic water splitting is a clean and sustainable energy solution that makes use of inexhaustible 

sunlight and earth-abundant water to produce hydrogen.1-4 Since the discovery of TiO2 photoanode and 

Pt counter electrode for water oxidation and reduction,5 this area has advanced significantly, but it still 

has a long way to go for practical applications and the search for high-performance photocatalysts con-

tinues.6-7 Inspired by natural photosynthesis, organic molecular and polymeric materials with tunable band 

gaps, including g-C3N4,
8 conjugated microporous polymers (CMPs),9 linear conjugated polymers,10-12 and 

covalent organic frameworks (COFs),13-20 have emerged as metal-free photocatalysts for hydrogen pro-

duction. COFs are a class of porous materials that integrate organic building blocks into periodic skeleton 

via reticular chemical reactions.21-22 They have received intensive attention as photocatalysts because they 

combine features such as high crystallinity, tunable pore size and environment of pore walls, large specific 

surface area, and versatile chemical and topological structures.23-25 Recently, two-dimensional (2D) COFs 

with conjugated structures have been reported to display impressive hydrogen evolution activity, such as 

azine-linked N3-COF exhibiting a hydrogen evolution rate of 1.7 mmol g-1 h-1,14 and C=C-linked sp2c-

COFs up to 2.1 mmol g-1 h-1, both in the presence of sacrificial electron donor and Pt co-catalyst.18  

Despite of the rapid progress in experiment,26-29 the structure-property relationships in photocatalytic 

COFs have not been established. The rational design of COFs with suitable electronic properties and 

chemical structures to efficiently split water under visible light is challenging due to the complexity of 

photocatalytic processes.30 A photocatalytic reaction usually involves a series of consecutive photoelec-

trochemical steps: (1) absorption of photons to generate electron-hole pairs, namely excitons, (2) dissoci-

ation of excitons into free charge carriers and charge transport to the catalyst-electrolyte interface, and (3) 

redox reactions driven by electrons and holes at the interfaces.6, 31 Although strategies that combine donor 

(D) and acceptor (A) building blocks have been used to tune band gaps of COFs,32-33 it is not clear how 

band edge energies of COFs and their alignment with the redox potentials of water will be modified, and 
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they should meet the thermodynamical requirement for water splitting reactions. Moreover, photo-gener-

ated electron-hole pairs are strongly bounded in organic materials due to the weak Coulombic screening 

effect, so it is essential to reduce the exciton binding energy and promote charge separation in COFs in 

order to attain high quantum efficiency. Last but not least, since metal co-catalysts are commonly loaded 

to accelerate the redox reactions due to lack of active sites on COFs, it is important yet very challenging 

to create catalytic sites on COFs and achieve metal-free photocatalysis.31  

In this work, we proposed a general approach to tailor chemical and topological structures of COFs 

towards enhanced absorption in the visible and infrared region, reduced exciton binding energy, and sup-

pressed overpotential for the hydrogen evolution reaction (HER). The main idea is to use donor (D) and 

acceptor (A) building blocks as node and edge respectively to construct fully conjugated D-A COFs in 

Lieb lattice. We demonstrated that by choosing acceptor edges with deep frontier orbitals, D-A COFs with 

narrow band gaps favorable for visible and near-infrared light absorption were attained and they possessed 

suitable band edge energies for overall water splitting. We also found that D-A design not only gave rise 

to space-separated electrons and holes, but also increased the dielectric screening in COFs. Additionally, 

COFs in Lieb lattice with C2 symmetry lack flat bands, in contrast to those in Kagome lattice with C3 

symmetry, so the effective mass of electrons, holes, and excitons was reduced. All these factors help to 

reduce the exciton binding energy and thereby promote charge separation. Finally, we unraveled that ac-

tive sites on COFs for HER can be generated by introducing hydrogen bond interactions to the hydrogen 

adsorption intermediate, and we designed five D-A COFs capable of visible-light-driven hydrogen pro-

duction in neutral solution without the load of metal co-catalysts. These findings offer immense opportu-

nities for chemists to fabricate COFs with desired photocatalytic activity, and will tremendously boost 

their applications in overall water splitting,6 metal-free catalysis,34 and other photocatalytic chemical 

transformations.35-36  
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RESULTS 

Understanding photoelectrochemical processes in COF-based photocatalysts for efficient water 

splitting. 

As mentioned above, in the consecutive photoelectrochemical processes, four physical properties are cru-

cial to the design of highly efficient photocatalysts, and they include band gaps, exciton binding energies, 

band edge energies, and overpotentials for chemical transformations. First, the overall photon energy col-

lected by photocatalysts is determined by their band gaps and absorption spectra.31 To enhance light har-

vest, a suitable band gap is needed to absorb visible and near-infrared light which accounts for over 80% 

of the solar power.37 However, the band gaps of most COFs and inorganic photocatalysts are above 2.5 

eV so they mostly absorb ultraviolet (UV) light (< 400 nm).14 One way to reduce the band gap is to use 

alternating donor and acceptor units to build D-A COFs. Although D-A design has been proved effective 

in modulating band gaps of conjugated polymers38 and COFs for organic photovoltaic applications,33, 39it 

is unknown how this method will influence other properties like the exciton dissociation and band align-

ment that are of great importance for photocatalytic water splitting, and will be explored in this work.  

Next, light absorption by COFs generates excitons, i.e., bound electron-hole pairs that can further dis-

sociate into free charge carriers to motivate follow-up redox reactions, in which the exciton binding energy 

has to be overcome. Although many researchers have realized the importance of exciton dissociation in 

organic photocatalysts because of weak dielectric screening and strong Coulombic attraction between 

electrons and holes,40-41 it remains to be resolved how to reduce the exciton binding energy in COFs. In 

principle, the exciton binding energy relies on the exciton mass, static dielectric constant, and exciton 

radius,42 so flat bands and localized electronic states in COFs should be avoided. We noticed that many 

2D COFs with C3 symmetry form Kagome lattice, such as N3-COF mentioned earlier, and they display 

flat bands near the Fermi level arising from non-bonded states, which are adverse to the in-plane charge 

transport and will increase the effective mass of excitons as well.43-44 Instead, COFs in Lieb lattice with 
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C2 symmetry constructed by four-arm nodes lack flat bands near the Fermi level (Figure S1), and the 

effective mass of charge carriers and excitons is reduced and further modulated by tailoring chemical 

building blocks of COFs. Besides, D-A design usually leads to space-separated electrons and holes, 

namely enlarged exciton radius, so we propose to design conjugated D-A COFs in Lieb lattice utilizing 

donor unit as node and acceptor unit as edge, which will reduce not only band gaps but also exciton 

binding energies of COFs. As will be manifested in this work, such D-A design can also increase the 

dielectric screening with the decrease of band gap, which will benefit exciton dissociation too.  

Followed by the exciton dissociation, free electrons and holes will migrate to the interfaces and trigger 

the reduction and oxidation of water, namely, hydrogen evolution reaction (HER) and oxygen evolution 

reaction (OER). These reactions require that not only band edge energies of photocatalysts align to the 

electric potentials of corresponding half reactions, but also photo-generated electrons and holes can gain 

enough energy to overcome the overpotential and drive the reactions.30 Unlike inorganic catalysts with 

partially filled d or f orbitals in transition metals, metal-free organic catalysis of low overpotentials is not 

easily attainable, and design of active sites on organic photocatalysts has attracted increasing attention, 

especially for HER.8 We will demonstrate that formation of intramolecular hydrogen bonds in the inter-

mediate H* of hydrogen adsorption on designed D-A COFs (*) helps to stabilize its structure and reduce 

the overpotential for HER, so metal-free photocatalytic HER in neutral solution is completely feasible. 

Modulating band gaps and band edge energies in COFs for overall water splitting under visible 

light. 

The total energy gathered from sunlight is regulated by the absorption spectroscopy of COFs, and it 

could be simply indicated by the band gap.31 Generally, broad absorption in the visible region of sunlight 

requires the band gap of ~ 2 eV, and decreased band gap indicates red-shift of spectroscopy and more 

sunlight harvest. Further, conduction and valence band energies of COFs must meet the requirement posed 

by the electric potentials of half-reactions. 37 For example, under standard conditions, the conduction band 
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minimum (CBM) of COFs should be sufficiently higher than the water reduction potential of -4.44 eV 

(vs. vacuum) to enable electron transfer to water and HER, while the valence band maximum (VBM) 

should be sufficiently lower than that of the water oxidation potential of -5.67 eV (vs. vacuum) to enable 

transfer of hole to water and OER. Although D-A units have been utilized to decrease the band gap in 

conjugated polymers and COFs,33 their impact on the band edge energies, which are essential for photo-

catalytic reactions, remains to be explored. 

COFs are built with nodes and edges as well as linkages between them. In order to attain suitable band 

gaps and optimal band positions for visible-light-driven water splitting, we constructed D-A COFs by 

donor nodes, acceptor edges, and conjugated linkages (Scheme 1a). As illustrated in Figure 1a, D-A COFs 

possess smaller band gaps than D-D COFs due to the small energy offset between the highest occupied 

molecular orbital (HOMO) of donor node and the lowest unoccupied molecular orbital (LUMO) of ac-

ceptor edge. Further, band gaps in D-A COFs exhibit the staggered feature with VB and CB arise primarily 

from donor node and acceptor edge respectively, while those in D-D COFs are straddling where VB and 

CB are both contributed predominantly by node unit. 

Based on the above strategy, eight D-A COFs with pyrene donor as node and different acceptors as edge 

and -C=C- linkages have been designed, and they are denoted as PPy-BT, PPy-BT(F), PPy-PT, PPy-PT(F), 

PPy-TDQ, PPy-TzBI, PPy-Q, PPy-Q(F) as sketched in Scheme 1. Herein, PPy represents the pyrene node 

and it is short for tetrakis(4-formylphenyl)phenyl; BT, PT, TDQ, TzBI, and Q represent the edges, which 

are short for benzothiadiazole, pyridal[2,1,3]thiadiazole, thiadiazoloquinoxaline, pyrrolo[3,4-f]benzotri-

azole-5,7-dione, and quinoxaline; F represents peripheral fluorine substitution. And we take PPy-Ph as 

contrast where Ph stands for phenyl. 

PPy-Ph, namely sp2c-COF, are composed of two donor units: PPy as node and Ph as edge, linked by -

C=C- to form a D-D COF with fully π-conjugated structure. As reported by Jiang and co-workers,18 it 

exhibited highly active hydrogen production of about 2.1 mmol h-1 g-1 under visible light irradiation in 
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the presence of triethanolamine (TEOA) sacrificial agent and Pt co-catalyst. As shown in Figure 1c and 

Figure S2, PPy-Ph is semiconductor with an indirect band gap of 1.72 eV (calculated by HSE06 method), 

which is consistent with the experimental result of 1.9 eV.18 From a molecular perspective, the band gap 

in PPy-Ph shows the straddling feature where the HOMO of PPy is higher than that of Ph and the LUMO 

of PPy lower than Ph, as illustrated by the energy level alignment in Figure 1b. This straddling gap gives 

rise to the relatively large band gap in D-D COFs. As for the band edge energies (Figure 1c), VBM and 

CBM in PPy-Ph relative to the vacuum level are -5.23 eV and -3.51 eV, indicating its capability of pho-

tocatalytic HER at pH = 7 whereas prohibited OER. These results are in line with the superior HER ac-

tivity (2.1 mmol g-1 h-1) and very small OER rate (0.022 mmol g-1 h-1) of sp2c-COF.18 

In contrast to the D-D COF, D-A COFs possess smaller band gaps (Figure 1c). Taking PPy-BT as an 

example, it is semiconductor with an indirect band gap of 1.57 eV (Figure 1c and Figure S3 calculated by 

HSE06 method), which is smaller than PPy-Ph of 1.72 eV. From the perspective of building blocks, the 

LUMO of BT edge is lower than that of PPy node (Figure 1b), which results in the reduced and staggered 

band gap in PPy-BT. The energies of VBM and CBM in PPy-BT are -5.20 eV and -3.63 eV, indicating its 

capability of photocatalytic HER at pH = 7 (Figure 1c). Although PPy-BT is inactive of OER in neutral 

solution, PPy-BT(F) with electron-withdrawing F-substitution meets the energy requirement for OER at 

pH = 7, as indicated by the lower VBM energy of -5.45 eV in PPy-BT(F) (Figure 1c). These results imply 

that PPy-BT(F) is capable of overall water splitting under visible light. Since the F-substitution with 

strong electron-withdrawing effect lowered the HOMO energy of BT edge, the VBM of COFs is lowered 

correspondingly as a result of orbital hybridization between node and edge units. This functional group 

engineering could be a simple and effective approach not only to control the electronic structure of COFs 

to meet the thermodynamic prerequisite for photocatalytic overall water splitting, but also to modify the 

microenvironment of pore surfaces.45 
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In addition to PPy-BT and PPy-BT(F), all other D-A COFs possess smaller band gaps than PPy-Ph 

(Table 1, Figure 1c and Figures S2-S15). Among them, PPy-TDQ has the narrowest band gap of 1.00 eV 

ascribed to the low-lying LUMO of TDQ edge and its strong electron-accepting ability. A positive corre-

lation is noticed between LUMO energies of acceptor edges and band gaps of D-A COFs: the lower the 

LUMO energy is in the stronger acceptor, the narrower the band gap, due to the staggered feature of band 

gaps in D-A COFs. Moreover, the narrowed band gap will give rise to the red-shift in the absorption 

spectra. As shown in Figure 1d, PPy-Ph exhibits a wide absorption from 300 to 650 nm covering the 

visible light region of the solar spectrum and peaks at about 500 nm. These results are in good agreement 

with the experimental absorption spectrum of PPy-Ph which spans from 360 to 620 nm with a maximum 

absorption at 497 nm.18 In comparison, the absorption spectra of D-A COFs are broadened and extend to 

over 700 nm when the acceptor becomes stronger and its LUMO gets deeper (Figure 1d and Figure S18). 

Among them, PPy-TDQ has the broadest absorption spanning from 300 to 900 nm and could harvest a 

wide range of visible and near-infrared light. Further, both VBM and CBM positions of COFs were effi-

ciently modified by choosing acceptor edge units with suitable HOMO and LUMO energies to meet the 

energy requirement for HER and OER. Meanwhile, F-substitution of edge units could simultaneously 

lower VBM and CBM positions in COFs. As shown in Figure 1c and Figure S19, all these D-A COFs 

could trigger HER under standard conditions (pH = 0). Four of them, namely PPy-BT(F), PPy-PT, PPy-

TzBI, and PPy-Q(F), could serve as photocatalysts for overall water splitting in neutral solution (pH = 7), 

while PPy-BT and PPy-Q could only trigger HER, and PPy-TDQ and PPy-PT(F) are designed for OER. 

For those COFs that can only activate half reactions in photocatalytic water splitting, electron donating 

or accepting sacrificial agents like TEOA or AgNO3 are needed.18 Another solution is to combine these 

COFs to form a Z-scheme heterostructure where a high energy conversion efficiency has also been ob-

served.46 
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We noticed that the D-A design also increased the distance of electron-hole pair. D-D COFs like PPy-

Ph possess a straddling gap where VBM and CBM are both distributed on node units and electron and 

hole are not spatially separated. As illustrated by the partial density of states (pDOS) in Figure S2, both 

CBM and VBM are essentially comprised by C-2pz orbitals, confirming the formation of extended π-

conjugation. Further, the charge density at VBM is mainly localized on the pyrene node, while at the CBM 

it is delocalized over node and edge (Figure 2a). While for PPy-BT, the D-A COF, its band gap is a stag-

gered one where VBM is dominantly contributed by the PPy node while CBM is mainly localized on the 

BT edge (Figure S3 and Figure 2b). Such spatial separation of electron-hole pair favors exciton dissocia-

tion. Staggered band gap and spatial separation of VBM and CBM were similarly observed in other D-A 

COFs (Figures S4-S17). What’s more, D-A COFs other thanr PPy-PT, PPy-PT(F), and PPy-Q possess 

indirect band gaps where VBM and CBM appear at different K points and electron and hole have different 

momenta. Since the transition from CBM to VBM requires the change of electron wave vectors, an indi-

rect band gap tends to inhibit the exciton annihilation and thus prolong its lifetime. 

It should be mentioned that all the designed COFs are constituted by D and A building blocks and share 

the same Lieb lattice as PPy-Ph. And they could be synthesized in lab via Knoevenagel polycondensation 

reaction with chemicals commonly used to fabricate organic conjugated polymers for photovoltaic appli-

cations (Figure S20).28, 35, 47 

Reducing exciton binding energies to promote electron-hole separation. 

After photon absorption, Coulomb-bound electron-hole pairs, namely excitons, are generated and they 

further dissociate into free charges to motivate the electrochemical reactions at the interfaces. The exciton 

binding energy is an important physical quantity used to gauge the electrostatic interaction between elec-

trons and holes. It is defined as Eb = Eelec - Eopt,
48 where Eelec represents the quasiparticle band gap corre-

sponding to the lower-limit of inter-band transitions, while Eopt represents the optical band gap estimated 

from the onset of absorption spectra.42 Although the importance of excitonic effect in photocatalysts has 
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been well recognized, it remains to be resolved how to reduce the exciton binding energy and facilitate 

exciton dissociation via the rational design of COFs.26 Here, several criteria were proposed and followed 

which include: (1) decreasing the effective mass of excitons, (2) increasing the static dielectric constant, 

and (3) increasing the exciton radius and D-A interface area. 

In principle, electronic properties of COFs are determined by both chemical building blocks and topo-

logical structures. When node units with C3 symmetry are used to construct COFs in Kagome lattice, flat 

bands typically appear at the VBM or CBM (Figure S1 and Figure S21).43-44  These flat bands are formed 

by non-bonding orbitals of node and edge units and have very large effective mass of electron or hole, 

which could lead to intriguing magnetic phenomenon but is not desired for high-performance charge 

transport.43 Since the effective mass of exciton could be defined as 1/m*=1/me
*+1/mh

*,42 where me
*

 and 

mh
*
 stand for the effective mass of electron and hole respectively, the flat band at VBM or CBM could 

also give rise to large exciton mass and binding energy. In contrast, COFs constructed by node units with 

C2 or C4 symmetry, such as PPy, porphyrin, and phthalocyanine, will form Lieb lattice.43 In Lieb lattice, 

both valence and conduction bands are non-flat bands arising from conjugated bonding/antibonding or-

bitals, which give rise to the small effective mass of electron, hole, and exciton. So, in order to avoid flat 

bands near the Fermi level and reduce the exciton binding energy, we have chosen PPy node and con-

structed COFs in Lieb lattice. 

The static dielectric constant is used to measure Coulombic screening effect in the solid lattice. With 

the increase of static dielectric constant, the electrostatic interaction between electron and hole decreases, 

which will lead to small exciton binding energy. In organic solids, the static dielectric constant is usually 

between 3-4, which is significantly lower than inorganic crystals such as photovoltaic perovskite materi-

als.49 Thus, to promote exciton dissociation, we need to enlarge the static dielectric constant of COFs. In 

low-frequency or static electric fields, dielectric response comes from two main sources, namely ionic 

and electronic contributions, which can be written as εs = εs,ion + εs,elec.
50 The ionic response (εs, ion) arises 
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from the motion of atoms which will generate oscillating dipole as with infrared active lattice vibrations 

and is of particular importance to inorganic solids. In addition to the ionic contribution, the electronic 

response (εs,elec) accounts for change of the electronic polarizability with the electric field, and it is the 

dominating mechanism in organic solids especially nonpolar materials. According to Lorentz oscillator 

model, the electronic static dielectric (εs,elec) can be related to the optical absorption frequency (ωe) by εs, 

elec = 1 + Ne2/(mε0ωe
2), where m and N are the mass and number (per unit volume) of oscillators, respec-

tively and ωe represents the resonance frequency of oscillation corresponding to the average electronic 

excitation energy.50 So the static dielectric constant will increase with the narrowing of band gap, bringing 

more effective screening of electrostatic interactions between electron and hole. Such a trend was ob-

served in designed D-A COFs, as illustrated in Figure 3a and Figure S22. Thereby the exciton binding 

energy Eb was substantially reduced with narrowed band gap in D-A COFs as implied by Figure 3b. PPy-

Ph (sp2c-COF) is the D-D COF and it has an exciton binding energy of about 1200 meV, while all D-A 

COFs have smaller exciton binding energies and PPy-TDQ exhibits the smallest one of 700 meV (Table 

1). Thus, design of D-A COFs in Lieb lattice with reduced optical band gaps has been demonstrated to 

effectively increase the dielectric screening effect and reduce the exciton binding energy. 

A well-designed D-A interface can help avoid the recombination of electrons and holes, and large 

boundary area profits charge separation. As demonstrated above, D-A COFs have staggered band gaps in 

which the VBM is mainly localized on donor node while the CBM on acceptor edge. These conjugated 

donor or acceptor units will further stack in the out-of-plane direction to form a one-dimensional channel 

for hole or electron transport. These divided channels represent one of unique features of 2D conjugated 

COFs and will enlarge the D-A interface area to boost charge separation and inhibit recombination of 

electrons and holes (Figure 3c). Meanwhile, in D-A COFs with indirect band gaps, the transition from 

CBM to VBM is inhibited due to the momentum change of electrons, and thus the quenching of electron-

hole pairs through radiative or non-radiative pathways is suppressed, which will enhance the quantum 
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efficiency.50 Further, the inherent pores in 2D COFs provide predesigned chemical environment for water 

splitting reactions so that the migration distance for charge carriers is shortened, while the large surface 

area also provides adequate space for high-load co-catalysts as well as for engineering active sites to 

achieve metal-free catalysis (Figure 3d and Figures S23-S24).  

Suppressing overpotentials via intramolecular hydrogen bonds towards metal-free hydrogen pro-

duction. 

After photo-generated excitons dissociate into electrons and holes, these free charge carriers at CBM 

and VBM will be transferred to water and trigger the redox reaction. To enable photocatalytic hydrogen 

production, CBM in COFs must be sufficiently higher than the reduction potential of water in neutral 

solution, namely -4.03 eV (vs. vacuum), so adequate driving force can be exerted to surpass the overpo-

tential arising from the reaction mechanism of HER. However, high CBM often means the wide band gap 

and may cause the blue-shift in absorption spectroscopy which is not favored for sunlight harvesting. So, 

we should design active sites on pore walls of COFs to lower the overpotential of reaction and boost the 

hydrogen evolution rate driven by visible light. In contrast to inorganic metal co-catalysts with partially 

filled d orbitals, such as Pt and Co(NO3)2, organic semiconductors lacking active sites often show high 

overpotentials for HER. A very recent work showed that N-site on the linkage of COFs, including imine, 

azine, and azo groups , could serve as active catalytic sites for metal-free HER.30 The overpotential for 

HER can be estimated from the Gibbs free energy change of hydrogen adsorption on the catalyst 

(ΔG(H*)),51 so it is essential to reduce ΔG(H*), especially the hydrogen adsorption energy by stabilizing 

the intermediate H*. However, except for highly reactive organic radicals with unpaired electrons, the 

adsorption of hydrogen on closed-shell organic semiconductors needs to break a chemical bond and pro-

duce unstable radical intermediate, which gives rise to high overpotentials ΔG(H*). Based on the above 
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argument, we proposed to design active sites on weak chemical bonds and introduce non-covalent intra-

molecular interactions such as hydrogen bonds to stabilize H* and thereby reduce the overpotential for 

HER. 

We took PPy-BT as an example to illustrate the catalytic activity of designed D-A COFs for hydrogen 

evolution. As shown above, the photo-generated electron at CBM in all D-A COFs is mainly located at 

the edge unit. So, we investigated the Gibbs free energy change of HER on all potential sites at the BT 

edge under standard conditions, as shown in Figure 4a. We noticed that hydrogen adsorption onto the S 

site is most unfavored in energy because S atom tends to form only two σ bonds. The C site on -CN group 

attached to the C=C linkage also showed relatively high overpotential because hydrogen adsorption on it 

would break the strong C≡N bond. Whereas the C site on the BT edge possessed moderate ΔG(H*), since 

adsorption of H atom on aromatic C would break a π bond and change the hybridization of C from sp2 to 

sp3. The N2 site on the BT edge showed the smallest overpotential of only 0.26 eV, which could be at-

tributed to the formation of an intramolecular hydrogen bond with the adjacent N on -CN group (Figure 

4b). This hydrogen bond stabilized the H* structure, but such interaction is lacking on the N1 site of BT 

edge. These results manifested that the overpotential for HER could be substantially reduced by introduc-

ing intramolecular hydrogen bond interactions, and active sites for HER were available on COFs. By 

contrast, the absence of N-containing active sites on PPy-Ph (sp2c-COF) raised the overpotential to 0.72 

eV and inhibited metal-free HER with low-energy excitons (Figure S25). Further, we would like to point 

out that the -CN group participating in the hydrogen bond formation can be introduced to COFs during 

the formation of -C=C- linkage via Knoevenagel polycondensation reaction,18, 52-53 and it exists in other 

conjugated D-A COFs designed here so we observed suppressed overpotentials by hydrogen bond inter-

actions in all of them (Figures S26-S32). Therefore, introducing N-rich sites to COFs and establishing 

hydrogen bond interactions in H* could be a promising strategy to achieve metal-free hydrogen evolution, 

and this method applies to other organic photocatalysts as well, including linear polymers and CMPs. 
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In order to further validate that the photo-induced electron could drive the reduction of water in neutral 

solution (pH = 7), we calculated the Gibbs free energy change on the N2 site in the presence and absence 

of light-induced bias potential (U) respectively. As shown in Figure 4c, in the dark this bias potential is 

equal to zero and the overall reaction is up-hill in energy therefore forbidden thermodynamically. However, 

under the visible light irradiation the bias potential is about 0.8 eV and the overall reaction turns down-

hill, which implies the N2 site of PPy-BT capable of metal-free catalysis for HER in neutral solution. We 

also noticed that adsorption of a H atom on the N2 site could reduce the overpotential of nearby sites on 

the same edge unit such as C, S, and N1 sites, and even activated the nearby N1 site under visible light 

which would accelerate the hydrogen production rate immensely (Figure 4d and Figure S33). This phe-

nomenon can be explained by the formation of stable closed-shell intermediate after two hydrogen atoms 

are simultaneously adsorbed on COFs, which is consistent with the previous observation of lower over-

potential at high hydrogen coverage.51 Altogether five D-A COFs out of eight showed promising metal-

free photocatalytic activity for HER in neutral solution under visible light and they are PPy-BT, PPy-

BT(F), PPy-PT, PPy-TzBI, and PPy-Q, while PPy-Q(F) requires the load of Pt co-catalyst because of the 

high overpotential in it. 

 

DISCUSSION  

To conclude, we elucidated the structure-property relationships of COFs for efficient photocatalytic 

water splitting by investigating major physical properties essential to the photoelectrochemical conversion 

and their interconnections. We proposed a facile strategy to tune the photocatalytic activity of COFs and 

an approach to attain metal-free hydrogen production under visible light. We designed eight fully conju-

gated 2D D-A COFs in Lieb lattice with pyrene donor as node and different acceptors as edge, and demon-

strated the successful modulation of band gaps and band edge energies of D-A COFs towards visible light 

absorption and overall water splitting by regulating the acceptor edge units with deep frontier orbitals. 
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Interestingly, we found that the exciton binding energy was reduced with the narrowing of optical band 

gap in D-A COFs and the increase of dielectric screening. The charge transfer excitation in D-A COFs 

also produced space-separated electron-hole pairs that facilitate charge separation. More importantly, we 

revealed the vital role of hydrogen bond interaction in stabilizing the H* intermediate and suppressing the 

overpotential for HER, suggesting a new scenario for the rational design of active sites on COFs for metal-

free water splitting. We screened five D-A COFs for visible-light-driven hydrogen generation in neutral 

solution and metal-free photocatalysis, which could be synthesized via Knoevenagel polycondensation 

reaction and are promising candidates for future laboratory research. These findings not only shed light 

on the rational design of novel COFs for efficient visible-light-driven water splitting, but also pave the 

way to develop metal-free photocatalysts for other chemical transformations. 

 

METHODS 

We performed density functional theory (DFT) calculations to obtain all the electronic structures of 

COFs in this work, including optimization of both crystal structure parameters and atomic coordinates, as 

implemented in the Vienna ab-initio simulation package (VASP 5.3.5)54 using the projector augmented 

wave (PAW)55 method and Perdew−Burke−Ernzerhof (PBE)56 exchange-correlation functional. 

Grimme’s D3 approach was applied to include the London dispersion correction,57 and 

Heyd−Scuseria−Ernzerhof (HSE06)58 hybrid functional was used to obtain accurate band gaps. Further, 

GW method at the level of G0W0 was employed to calculate the quasiparticle band gap and it was com-

bined with Bethe−Salpeter equation (BSE) to calculate the optical band gap and exciton binding energy. 

In the lattice optimizations, a cut-off energy of 400 eV for plane-wave basis set was employed while in 

the static calculations a cut-off energy of 600 eV was used. And the convergence criterion of forces during 

atomic optimizations was 0.02 eVÅ-1. The energy convergence criterion in the self-consistent field itera-

tion was 10-5 eV in optimizations while 10-6 eV in static calculations. The k-mesh of 1×1×5 was used in 
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the structural relaxation of COFs while denser k-mesh of 1×1×8 was employed to calculate the converged 

charge density. To model the hydrogen evolution reaction, a 1×1×3 supercell of COFs was constructed, 

and hydrogen atoms were adsorbed to different sites on the edge unit. A k-mesh of 1×1×3 was used to 

optimize the structure. Computational hydrogen electrode model was applied and Gibbs free energies 

were obtained using the approach proposed by Nørskov.51 The spin-polarization effect was considered in 

the calculation of hydrogen-adsorbed intermediate H*. The long-range corrected functional B97XD and 

the def2tzvp basis set were used to obtain the frontier orbital energies of building blocks of COFs by the 

Gaussian16 program package.59 
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Scheme 1.  (a) Topological structure and building blocks of 2D COFs with donor nodes (blue) and 

acceptor edges (orange). (b) Chemical structures of PPy-Ph, PPy-BT, PPy-PT, PPy-TDQ, PPy-TzBI 

and PPy-Q. PPy represents the pyrene node and it is short for tetrakis(4-formylphenyl)phenyl. Ph, 

BT, PT, TDQ, TzBI, and Q represent the edges, which are short for phenyl, benzothiadiazole, 

pyridal[2,1,3]thiadiazole, thiadiazolo-quinoxaline, pyrrolo[3,4-f]benzotriazole-5,7-dione, and 

quinoxaline, respectively. X = -H or -F.  
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Figure 1. (a) Two types of band gap in COFs and corresponding energy level alignment of frontier 

orbitals in building blocks. (b) HOMO and LUMO energy level diagram for building blocks of 

COFs. PPy represents the pyrene node, and Ph, BT, BT(F), PT, PT(F), TDQ, TzBI, Q, and Q(F) 

represent edges of COFs. (c) Energies of VBM and CBM in COFs relative to the vacuum level cal-

culated with the HSE06 functional. The dashed lines represent redox potentials of water at pH = 7. 

Band gaps are also shown in the figure. COFs capable of HER, OER and overall water splitting are 

shown in blue, orange and green, respectively. (d) Optical absorption spectra of PPy-Ph, PPy-BT, 

PPy-PT, PPy-TDQ, and PPy-Q calculated with the G0W0+BSE method. 
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Figure 2. Charge density at VBM and CBM of (a) PPh-Ph, a D-D COF and (b) PPy-BT, a D-A COF. 

Charge density at VBM is shown on the left panel and CBM on the right. Spatially separated elec-

trons and holes in D-A COFs are demonstrated by the distribution of VBM and CBM in PPy-BT. 
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Figure 3. (a) Relationship between the electronic static dielectric constant (εs, elec) and the optical 

band gap (Eopt = ħωe) of COFs, well characterized by the formula εs, elec = 1 + Ne2/(mε0ωe
2). The red 

dashed line represents a linear fit of the data. (b) Positive correlation between the optical band gap 

and the exciton binding energy of COFs. (c) Schematic illustration of the stacking structure of D-A 

COFs and the separation of one-dimensional transport channels for electron and hole. (f) Stacking 

structure of PPy-BT. 
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Figure 4. (a) Gibbs free energy changes of metal-free HER process on different catalytic sites of 

PPy-BT at pH = 0. (b) Structural illustration of intermediate (H*) with hydrogen adsorption on N2 

site of PPy-BT and formation of a hydrogen bond with the nearby N(-CN). (c) Gibbs free energy 

changes of HER process on N2 site of PPy-BT at pH = 7 with U = 0 and 0.8 eV respectively. (d) 

Gibbs free energy changes on different catalytic sites with or without hydrogen atom on the N2 site. 
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Table 1. Electronic and optical properties of PPy-Ph and designed D-A COFs 

(PPy-) Eg (eV) Eopt (eV) VBM 

(eV) 

CBM 

(eV) 

mh
*/me me

*/me εs Eb 

(meV) 

Ph 1.72 2.14 -5.23 -3.51 0.54 0.34 3.60 1200 

BT 1.57 1.96 -5.20 -3.63 0.40 0.38 4.50 940 

BT(F) 1.56 2.03 -5.45 -3.89 0.60 0.44 4.00 1090 

PT 1.49 1.94 -5.36 -3.87 0.43 0.76 4.63 920 

PT(F) 1.39 1.88 -5.48 -4.09 0.39 0.71 5.12 900 

TDQ 1.00 1.72 -5.26 -4.26 0.39 1.09 6.05 700 

TzBI 1.64 2.06 -5.36 -3.72 0.96 0.53 4.02 1060 

Q 1.69 2.04 -5.18 -3.48 0.44 0.62 4.22 960 

Q(F) 1.66 2.11 -5.42 -3.76 0.80 0.46 4.65 910 
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